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(57) ABSTRACT 

Optical elements and methods of forming optical elements 
are described. In one example, a method applies a photosen 
sitive ink to a substrate and exposes the ink to create an optical 
element, such as an optical lens or holographic recording 
medium. 
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TRANSFORMABLE, APPLICABLE 
MATERIAL AND METHODS FOR USING 

SAME FOR OPTICAL EFFECTS 

This application is a continuation of US. patent applica 
tion Ser. No. 11/207,275, ?led onAug. 19,2005 now US. Pat. 
No. 7,233,446, and also claims priority to US. Provisional 
Patent Application No. 60/603,143, Which Was ?led on Aug. 
19, 2004. 

FIELD OF THE INVENTION 

The present invention relates to optical elements such as 
lenses. 

BACKGROUND OF THE INVENTION 

Prior art lenses are created by grinding glass into a desired 
shape to achieve the desired optical element. Grinding is a 
mechanical process Which is expensive and time consuming 
and requires great care and precision if an optical element is 
to be formed Within a small tolerance of certain optical prop 
erties (e.g. its focal length, etc.). It is desirable to provide 
alternative techniques Which are potentially easier and less 
expensive. 

SUMMARY OF THE DESCRIPTION 

Various examples of optical elements, Which are formed by 
exposing a photosensitive material to electromagnetic radia 
tion, are described. The optical elements are generally 
designed to alloW visible light (e.g. light having Wavelengths 
in the range of about 400 nm to about 800 nm; such light is 
visible to most humans) to pass through the optical element or 
to re?ect from (and/or interact With) the optical element. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1, in three parts, shoWs hoW information, using 
embodiments of the invention, may be recorded into a pho 
tosensitive material. 

FIG. 2, in three parts, shoWs hoW the information, Which 
may be recorded in the manner shoWn in FIG. 1, may be 
retrieved from the medium. 

FIG. 3 shoWs an example of a holographic data storage 
system. 

DESCRIPTION 

Various embodiments of this invention relate to photosen 
sitive ink, the application of the ink to a substrate, the expo 
sure of the coated substrate to electromagnetic radiation (or 
other energy source) to create refractive index (or other opti 
cal) changes in it, and the effect that the changes (e. g. a stored 
phase pattern such as a grating) has on incident light When 
subjected to thereafter. The invention also relates to the cre 
ation (e.g. storage) of speci?c patterns of refractive regions, 
resulting from exposure to speci?c patterns (such as interfer 
ence patterns) of the Writing energy, that result in diffraction 
phase gratings, holograms, mirrors, ?lters, lenses, compen 
sated lenses, data, barcodes, micro-optics, Waveguides, 
?bers, lasers, OPOs, doublers, optical circuits, antennas, 
prisms, polariZers, optical sWitches, con?nement structures, 
other optical components, and arrays of thereof. The inven 
tion further relates to methods, systems, mechanisms, and 
machines for creating such refractive index changes and/or 
phase patterns in substrates coated With photosensitive ink. 
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2 
The invention also relates to mechanisms for launching light 
into, onto, through, and off of phase patterns thusly created to 
produce the intended end (bulk) optical or holographic effect. 
The invention also relates to methods for encoding and stor 
ing data, holographically, onto substrates thusly prepared, 
and to methods for retrieving, reading, and decoding the 
stored data. Speci?cally, the invention relates to an entirely 
neW class of optical elements and components, Whose perfor 
mance has traditionally only been realiZed in bulk form, 
including printable holographically stored data, that can be 
manufactured in part using printing technologies, and subse 
quently effected (e. g. exposed to laser light) to impart optical 
performance therein. The invention can therefore be used to 
create optical elements, store data, create interesting visual 
effects, create covert security features and effects, to channel 
light and energy across distances (including curved surfaces), 
to re?ect, de?ect, focus, magnify, change frequency and 
Wavelength of, correct for, and otherWise alter and control 
light in useful and potentially in loW cost Ways. 
A photosensitive ink could nominally be made from a 

liquid or monomer binding or carrier agent into Which small 
particles of 1) photosensitive glass (such as lGeSiO2, 2H2: 
GeSiO2, SiO2, B:SiO2, Sn:SiO2, 3Ce, Ag, FzSiO2, soda-lime, 
leaded, borosilicate, oxide, non-oxide, or others) and/ or 2) 
photosensitive crystals (lithium niobate, SBN, or others) and/ 
or 3) photosensitive polymers (Dupont HRF-150, Norland 
optical cements, or others) can be mixed. The photosensitive 
pigment particles may also contain other dopants or semicon 
ductors such as tin, boron, phosphorous, aluminum or other 
metals, etc, and may also be loaded With molecular hydrogen 
to increase their photosensitivity. The ink could also be com 
prised of a liquid that can undergo a photosensitive refractive 
change on its oWn With no additional particles or components. 
1 A. I. Gusarov, et, al, Optics Letters, Vol 25, No. 12, Jun. 12, 2000. 
2 Rarnan Kashyap, “Fiber Bragg Gratings”, Academic Press 1999, ISBN 
#0-12-400560-8. 

3 O. M. E?rnov et al, Optics Letters, Vol 25, No. 23, Dec. 1, 2000. 

The photosensitive ink can be applied to a substrate (paper 
(such as neW or recycled cellulose based paper), plastic, plas 
tic cards, glass, metal, Wood, textiles, leather, etc) via a print 
ing or coating process. The photosensitive ink can be ?ood 
coated onto a large substrate area, or selectively printed onto 
small-localiZed regions such as in the denomination value 
(number) on the comer of a banknote. The ink can then be 
dried (solvent evaporation) or cured by electromagnetic 
radiation such as ultraviolet (UV) or otherWise stabiliZed/ 
hardened to secure the particles. After being printed/coated 
With such ink, the substrate can be subsequently exposed to 
UV (or other Wavelengths such as for instance visible, IR, or 
pulsed 4IR) causing it to undergo a change in refractive index 
of either the particles, the binder, or both, in the regions of 
exposure. {In glasses, this refractive index change is a result 
of various physical phenomena including the formation of 
color centers and the densi?cation of the material, Which 
leads to a volume change in the material, Which leads to stress 
induced birefringence. In crystals it can be the result of the 
photorefractive effect and the creation of space charge ?elds5 . 
In polymers it can result from the creation of neW bonds as 
monomers are turned into polymers in the material6.} 
4 D. Homoelle et. al (Nick Borelli), Optics Letters, Vol 24, No. 18, Sep. 15, 
1999. 

5 See pertinent publications by Jeff Wilde. 
6 Demetri Psaltis, Geoffrey Burr, IEEE Computer, February 1998, 0018-9162/ 
98. 

Exposure of the printed photosensitive region and the 
resultant creation of a refractive index change on the substrate 
is intended to impart information (holographic data storage7), 
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visual effects (holograms or iridescence patterns for 
instance), or other optical phenomena (diffraction gratings, 
?lters, lenses, or mirrors for instance) on the substrate in the 
form of a phase change or a phase grating. Such a phase or 
holographic grating could take the form of a simple periodic 
grating for diffracting light (say for instance to make an 
anti-copy feature on a document), or a more complex struc 
ture such as a visible holographic feature similar to those seen 
on credit cards. The phase grating could be constructed to 
produce structural patterns of different refractive regions 
such as those found on butter?y wingss’g’lo’l 1 producing 
highly iridescence effects. It could also be used to create 
lenses, mirrors, ?bers, Waveguides, Fresnel lenses, arrays of 
lenses, micro lenses, micro lens arrays, and light management 
?lms for displays including those made from micro lens 
arrays, and a host of other traditionally bulk optical or discrete 
optical components. 
7 See publications on holographic data storage. 

8 P. Vukusic et al, Nature Vol 410 March 2000. 

9 P. Vukusic et al, Nature Vol 410 March 2001. 

10 Chris LaWrence,Applied Optics, Vol 41, No. 3, Jan. 20, 2002. 

11 P. Vukusic et al, Proc. R. Soc. Lond. B. (1999) 266, 1403-1411. 

The invention can also be used to create security and infor 
mation features on documents (and other substrates) as a 
means of establishing authentication. For instance, personal, 
corporate, governmental, oWnership, title, dated, and other 
data including photographs, ?ngerprints, aliases, etc., can be 
digitally stored as a hologram on a passport or visa in this 
manner. The information can be later read out from the docu 
ment by a reader designed to illuminate the selected region 
properly and decode the diffracted pattemlz. 
l2 Demetri Psaltis, Geoffrey Burr, IEEE Computer, February 1998, 0018-9162/ 
98. 

The refractive pattern can be in the form of alphanumeric 
characters or a bar code that has been scanned in With a laser, 
or it can be in the form of an interference pattern that is created 
by intersecting coherent laser beams. Digital information can 
be encoded onto one of the beams by sending it through a 
spatial light modulator prior to the intersection of the beams 
that causes the interference pattern13 . Information that is 
stored this Way can be read back by using a laser beam to 
reconstruct the pattern. Methods include phase contrast 
microscopy and diffraction, both of Which can be used to 
reconstruct phase information from a grating in either trans 
mission of re?ection mode. 
13 See publications on holographic data storage. 

Certain embodiments of the invention Will include one ore 
more of the folloWing components: 

1.) An ink that Will respond to electromagnetic radiation by 
changing its refractive index. The ink consists of a bind 
ing agent With particles of glasses (such as GeO2:SiO2 
glass that have been loaded With hydrogen). When 
exposed to UV radiation of the appropriate Wavelength 
and intensity, the refractive index of the glass particles 
can be changed. 

2.) Method for applying ink to sub strateisuch as printing, 
coating. 

3.) Method for optically (or otherWise) altering the refrac 
tive index or other optical properties in select regions 
and in controllable Ways on the printed or coated sub 
strate. 

4.) Method for optically storing information (eg digital 
information) on substrate materials coated With said ink 
in the form of, for example, a grating or hologram. 
(Holographic data storage.) 
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4 
5.) Method for optically retrieving stored information. 

(Holographic data storage.) 
Optical ?bers made from doped mixtures of germanium 

dioxide and silicon dioxide glasses form the backbone of the 
telecommunications industry. Typically produced from 
MCVD performs Which have been heated and pulled, these 
?bers contain a core and a cladding that enables light at a 
Wavelength of ~1.5 microns to propagate through them for 
thousands of kilometers. Though the ?ber core material is 
extremely transparent, small absorption losses eventually 
cause degradation in the signals requiring them to be ampli 
?ed. The erbium doped ?ber ampli?er is also an optical ?ber 
that is pumped at 980 nm to generate light at 1.5 microns via 
the 4F 1 3/2 to 4115/2 transition in Er“. These ampli?ers build up 
gain by re?ecting the 1.5 micron emission from one end of the 
?ber to the other using integrated gratings as mirrors, thereby 
stimulating additional light at this Wavelength. The internal 
integrated mirrors are fabricated by physically recording ?ber 
Bragg gratings, into the ends of the ?bers using ultra-violet 
light from a laser. 

Hydrogen loaded germanosilicate glasses display a photo 
sensitivity that enables UV light to induce defects in the ?ber 
core that changes the refractive index by large amounts 
(An:0.03). These changes can be made to be permanent 
resulting in a grating that lasts for a very long time, even at 
elevated temperatures (500 C). The material system and pro 
cess used to produce Bragg gratings in ?bers, namely hydro 
gen loaded doped GeSi glasses, can be readily made into 
small particles for incorporation into printing ink, Which Will 
enable UV sensitive refractive regions to be integrated onto 
documents and other substrate materials. By printing photo 
sensitive inks onto substrates, information in the form of 
serial numbers, dates, bar codes, ?ngerprints, photographs, 
video clips and movies, large volumes of information, etc can 
be stored in a phase grating and subsequently read out using 
light and optical detectors. Information encoded onto sub 
strates in this manner can be completely covert, if desired, 
providing a means of securing documents against counterfeit 
ing and forgery. Alternatively, it can be overt creating visual 
holographic effects including full color holograms. FIG. 1 
shoWs hoW a coherent reference beam (planar Wavefront) and 
an object beam (non-planar Wavefront) can be intersected in a 
layer of photosensitive refractive recording media to Write a 
phase grating in the material. The intensity peaks created by 
the interference pattern induce refractive index changes in the 
material, While at the nodes (intensity nulls) the material 
retains its original, unaltered index. A phase grating that can 
be permanently stored in this manner Will yield its stored 
pattern upon re-illumination by a planar Wavefront (see FIG. 
2). 

Certain embodiments of this invention have several com 
ponents, Which contribute to its uniqueness. They include a) 
the photosensitive optical particles such as those made from 
doped GeSi glass compositions and subsequently loaded With 
molecular hydrogen, b) the carriers or binders Which have 
been loaded With a su?icient amount of the photosensitive 
optical particles to form an ink or coating (the “inks”), c) a 
printing/ coating process for applying the photosensitive inks, 
d) an encoding process for creating and storing phase gratings 
in the substrate region on Which the photosensitive material 
has been applied, e) a method for reading out digital infor 
mation that has been stored in the grating, and f) for optical 
elements that do not require readout, a means of using them 
such as in an optical system (pair of eyeglasses, camera, etc). 
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a.) Photosensitive Optical Particles 
The photosensitive optical particles can be fabricated from 

silicate and oxide glasses such as doped compositions of 
germanosilicate glass (GeO2zSiO2) that have been hydrogen 
loaded. Several such glass compositions are currently used 
for telecommunications ?bers With boron doped high germa 
nia content (~30%) producing some of the highest An. The 
particles can be made small enough to enable printing for the 
required printing process (intaglio, offset, ?exographic, ?ood 
coating, etc), Which is typically betWeen 100 nm and 100 
microns in mean diameter. The particles can be fabricated via 
precipitation methods, spraying methods, grinding methods, 
or any method that provides the requisite particle siZe and 
composition, including grinding up ?bers or bulk glass. The 
particles can also be incorporated With (molecular) hydrogen, 
possibly using the cold, high-pressure soaking method 
described in section 2.4.4 of Raman Kashyap’s book titled 
Fiber Bragg Gratings, and assorted references. Once infused 
With hydrogen, the particles can be stored at loW temperature 
(e. g. —70° C.) to extend the duration of their sensitivity, until 
they are ready to be mixed With the ink/carrier and printed/ 
applied. Molecular hydrogen Will remain in the glass particles 
for a period of time at room temperature providing su?icient 
time to mix the inks, print the substrate, and encode the 
gratings. After a period of time at standard temperature and 
pressure, particles that have not been exposed to UV Will lose 
hydrogen through diffusion, reducing their sensitivity to the 
Writing Wavelengths. This helps to prevent neW gratings from 
being subsequently Written over the original gratings, thereby 
altering or erasing the intended content. If necessary this 
process can be accelerated by heating the documents after the 
information has been encoded. Photosensitive particles that 
have lost their infused hydrogen due to diffusion out of the 
particles, for instance, can be “reconstituted” (so to speak) by 
exposing them once again to the process of hydrogen loading. 
This sensitiZing process can happen several times if need be 
as the hydrogen causes no adverse reactions in the glass. 

It should be noted that the use of hydrogen loaded ger 
manosilicate glass particles is only one example of a photo 
sensitive particle that could be used. Other compositions of 
glasses including doped glasses and semiconductor-doped 
glasses can also be used. Additionally, crystals, such as 
lithium niobate and SBN, and even particles of polymers 
(Dupont’s HRF-l50 for instance) could also be used to pro 
vide this feature. Hydrogen loaded Ge silicates have been 
identi?ed as a material that can provide enhanced photosen 
sitivity, for a reasonable shelf life under appropriate storage 
conditions, and Which then looses its enhanced photosensi 
tivity shortly after being Written (again under proper condi 
tions), but Which provides permanent gratings. 

Additionally, since various transition metals, heavy metals, 
semiconductors, rare earth halides, gases, etc. (H, Li, Na, K, 
Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba, Ra, Sc,Y, La,Ac, Ti, Zr, Hf, V, 
Nb, Ta, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, lr, Ni, Pd, Pt, 
Cu, Ag, Au, Zn, Cd, Hg, B, Al, Ga, In, Tl, C, Si, Ge, Sn, Pb, 
N, P, As, Sb, Bi, O, S, Se, Te, Po, F, Cl, Br, I, At, He, Ne, Ar, 
Kr, Xe, Rn, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,Yb, 
Lu) can be added to glasses to impart color and other sensi 
tiZing properties, pigmented particles can also be used as the 
photosensitive materials. 

b.) Inks and Coatings 
Photosensitive inks can be fabricated by mixing the pho 

tosensitive refractive pigments With inks and other ?uid 
media that can dry or otherWise solidify or harden. Standard 
inks can be used including pigmented inks and/or clear col 
orless inks. Efforts can be made to minimize the overlap of 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
absorption lines or curing frequencies in the ink so that they 
do not substantially overlap the UV Writing frequencies of the 
particles, typically around 190-300 nm, but sometimes in the 
visible or IR spectral regions. If H2:GeSiO2 particles are used, 
mixing into the inks can be done rapidly to minimiZe the time 
the particles are exposed to high (room) temperatures prior to 
encoding, as the hydrogen Will begin to diffuse back out of 
them. Since storing temperatures for the hydrogen loaded 
particles are at ~—70° C., it is likely that they Will have to be 
brought to someWhat of an elevated temperature (~room tem 
perature) prior to integration into the ink. (Prior to hydrogen 
loading, the particles do not require refrigeration.) The ink 
can be solidi?ed by drying, elevated temperature thermal 
curing, UV exposure (eg to provide polymer cross linking) 
taking care that the UV Wavelength does not induce unWanted 
and premature refractive changes in the pigment. Particles 
can be mixed into the inks through processes such as ball 
milling, vortex mixing, stirring, etc. 
Though the use of photosensitive particles has been sug 

gested as the primary means of formulating the ink, photo 
polymers that provide optically induced refractive changes 
can also be used, Without the need to add additional particles. 
Such materials, once solidi?ed on the substrate either by 
evaporative hardening, thermal curing, UV curing, or other 
means, Would then be subject to the same types of exposure 
conditions to store phase gratings as refractive index changes. 

c.) Printing 
Once the photosensitive particles have been integrated into 

ink, or the ink has been prepared, the ink can be printed onto 
an appropriate substrate material (cellulose based paper, 
re?ective surfaces, mylar and plastics, metals, etc) using any 
printing process. It may be helpful to let the ink dry/ cure 
before the gratings are exposed to the encoding UV source, to 
ensure that the particles are ?rmly ?xed in position. This helps 
to make sure that once the particles are exposed to UV and 
their refractive index is permanently altered, that they stay in 
the positions required to provide the diffractive response that 
the reading hardWare Will be looking to detect. If the modi?ed 
particles drift or move after the encoding process, then the 
phase grating pattern may be altered uncontrollably and the 
recorded information can be lost or degraded. 
The photosensitive optical regions can be printed over top 

of other printed, colored, or altered regions of the substrate to 
disguise their presence or effect the appearance of the docu 
ment in some desired Way. It may also be possible to print over 
top of the printed photo sensitive regions, either before or after 
the phase grating has been encoded. The primary concern 
here is that pigments or other constituents of the overlapping 
inks not absorb too much of the Wavelengths (of UV) used to 
Write and read the gratings. Additionally, it may also be pos 
sible to incorporate other pigments directly into the ink With 
the photosensitive optical particles to color them in some 
desired manner. 

d.) Encoding of Data 
Any region of the substrate thusly printed may have its 

refractive index altered upon exposure to ultra violet (or 
other) light (or other electromagnetic radiation) of the requi 
site Wavelength, intensity, and duration. Data encoding is the 
process by Which a speci?c pattern is recorded in the printed 
optical area, in a manner that enables it to be subsequently 
read back to provide access to this information. Data can be 
recorded as a phase grating via a number of mechanisms 
including exposing the printed surface to an interference pat 
tern that has been created by intersecting a collimated beam 
With a planar Wavefront (reference beam) With one that has 
propagated through a spatial light modulator onto Which a 



US 7,576,920 B2 
7 

speci?c character sequence has been effectively imprinted as 
an amplitude mask (object beam). Such encoding schemes 
are typically used for bulk or volume holographic data storage 
intended to store tens of terabits of information per cubic 
centimeter. These systems do not in any Way address, men 
tion, or even allude to the storage of smaller amounts of data 
onto printed substrates. The optical encoding hardWare for 
volume holographic data storage can be applied to this appli 
cation hoWever to Write gratings into thin layers of ink Which 
have been printed onto substrate. (FIG. 3 shoWs an example of 
a holographic data storage system.) Data can also be recorded 
by scanning a UV laser across the printed surface, using any 
appropriate scanning methodology, to Write information 
directly Without the use of interference. Such information 
could be a bar code, an alphanumeric character sequence or a 
pre-calculated grating pattern, each of Which can be read back 
With a plane Wave reference beam to produce a diffraction 
pattern that is characteristic of the recorded data. Regardless 
of the mechanism used to impart the refractive pattern (phase 
grating) onto the printed region of the substrate, it can be 
made permanent and the reconstructed diffraction pattern can 
be used to identify the printed object and correlate it to other 
information. 

e.) Read Out 
Reconstruction the object beam to retrieve the stored infor 

mation from the encoded phase grating can be done in mul 
tiple Ways. One example is through the use of diffraction, 
Which is done by exposing the hologram to a planar Wavefront 
(reference beam) and detecting the intensity variations on a 
spatially pixilated detector (see FIG. 3). This can be done in 
re?ection or transmission mode, and is independent on 
Whether the information Was stored holographically using an 
interference pattern or Was Written directly by a scanned laser. 
Diffraction or holographic based readout methods Will differ 
entiate a loW level signal (0.01) from no signal (0.0) at all, 
typically from 0 to 0.01. Another Way is through the use of 
interference or phase contrast microscopy, Which Will differ 
entiate a totally “on” signal (1.00) from slightly decreased 
signal strength (0.99), typically from 1 to 0.99. Because a 
totally “on” signal tends to be noisy, it is easier to differentiate 
loW signals from Zero than it is to differentiate high signals 
from 1. 

Other read out methods including phase conjugate readout, 
may also be possible. It is noteworthy to mention that unlike 
holographic data storage systems that are intended to store 
terabits of information in a cubic centimeter, in Which the 
Writing and the readout systems are both integral to a system, 
this concept alloWs for the separation of the functions of 
“encoding” and “reading” the data not just betWeen system 
hardWare, but perhaps over a period of time that might extend 
to several years. Thus, phase conjugate readout may not be as 
useful as the optical components may not necessarily consti 
tute the same path. 

f) Other Optical Elements and Components 
In addition to the storage of digital data onto printed sub 

strate materials, the functions of several types of discrete 
optical components can be imparted onto printed substrate by 
exposing the substrate to the proper patterns of intensity 
varying Waveforms at the proper Wavelengths. Lenses, for 
instance, can be made in a variety of diameters and With a 
variety of optical poWers by controlling the diameter and 
radial intensity distribution of a laser that is used to expose the 
substrate. Such lenses can be integrated onto printed plastic 
(e. g. transparent plastic) or glass substrate material to provide 
for transparency. For such applications it may be important to 
minimize scattering of light by the refractive particles sug 
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8 
gesting that they should be very small. Other optical elements 
include Wavelength selective mirrors and ?lters, Which can 
effectively re?ect or transmit light, at speci?c Wavelengths, as 
a function of the periodicity of the grating. Still yet other 
optical elements include Waveguides, sWitches, ?bers, optical 
paths and conduits, periodically polled structures, etc. 
Though not all optical components have been mentioned, the 
basic concepts of printing a layer and exposing it to radiation 
to create an optical element Would still apply to the device. 

In addition to printing a single layer to make a device, 
multiple layers could be printed, With different materials for 
instance, to yield different An’s or different Wavelengths of 
Writing sensitivity (UV and IR). Multiple layered devices 
could be fabricated to provide multiple levels of performance 
in much the same manner as printed circuit boards provide 
multiple channels of conductivity for electrical circuits. 

Related Variations or Modi?cations 

In addition to printing the photosensitive material onto 
substrates, it could also be sprayed on or the substrate could 
be dipped/submerged in it. Additionally, it Will likely be 
possible to incorporate the germanosilicate particles directly 
into the plastic (PVC, PMMA) substrate that some curren 
cies, such as the Australian or Mexican banknotes, are made 
from. This Would enable the WindoWed areas in these types of 
banknotes to be encoded With gratings. The GeSi particles 
could also be incorporated into plastics such as those that are 
used for containers, Which Would enable gratings to be 
encoded into bottles, packaging materials, or other objects. 

In addition to storing small amounts of data onto a sub 
strate, it may also be possible to store large amounts such as 
the 9-10 Gbytes required for DVD movies. This Would enable 
for instance an entire movie to be encoded onto a small 
substrate the siZe of a standard credit card or smaller. 

Another variation of the invention is the fabrication of 
printable optical elements, in particular printable diffractive 
imaging lenses that Will focus light. In such an embodiment, 
transparent plastic or glass substrate material Wouldbe coated 
(printed, sprayed, etc.) With the photosensitive ink, or doped 
With the photosensitive particles as described previously. A 
diffractive pattern can be imparted onto the substrate material 
in such a manner so as to create an optical element that Will act 

so as to focus incoming light. Such elements are similar to 
Fresnel lenses, but use a diffraction pattern rather than refrac 
tive rings to act on the incoming Wavefront. In this manner, 
lightWeight, loW cost planar substrate material can be Written 
With a focal length, and subsequently cut With an external 
contour to conform to an outer perimeter shape factor (circu 
lar or other shapes to ?t into a pair of glasses or other optical 
?xture) Without having to grind the surface shape to a par 
ticular curvature. Using diffraction in ?exible planar sub 
strates to focus multi-Wavelength light, rather than surface 
curvature in a mono-refractive media, Will substantially 
reduce the cost of manufacturing lenses and other optical 
elements. Chromatic aberrations can also be reduced With the 
appropriate phase grating in the material. Such optical ele 
ments can be recorded either by the use of interference pat 
terns, or again by the use of scanned laser beams as very high 
precision control can be attained With de?ection technolo 
gies. Additionally, multiple foci can be integrated into the 
same element to create bifocal, tri-focal, and multi-focal ele 
ments. Writing gratings in such a manner Would substantially 
reduce the costly manufacturing requirements of many 
optics, especially those used for vision correction, including 
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contact lenses. The transition between the tWo focal regions 
could be very smooth, eliminating the sharp edge that is 
customarily ground into such corrective optics. The substrate 
material could be printed and then stored at loW temperature 
to prevent out gassing of the molecular hydrogen, prior to 
exposure. 

Holograms have been incorporated into plastic and paper 
substrates for some time for security purposes. They can be 
found on the packaging of softWare and other products, cur 
rency, government issued forms of identi?cation such as driv 
er’s licenses and passports, and even on credit cards. On 
currency, for instance, they are ?rst fabricated then a?ixed to 
the paper With an adhesive. This method of incorporating the 
security feature requires many additional steps and results in 
a ?nal product that does not have high integrity. Exposure to 
heat, Water, and other elements degrades the applied feature 
causing it to delaminate, With machine-Washing nearly 
destroying it. Furthermore, the holographic images that are 
incorporated are all the same and do not enable unique fea 
tures such as serial numbers or other information to be incor 
porated into each document. 

Other forms of holographic media that could be applied 
directly to a substrate, such as the polymer made by lnPhase 
(Bayer) Systems, is sensitive to ambient light Which requires 
it to be applied in complete darkness and subsequently Writ 
ten in darkness then ?xed to preserve the information. This 
process does not readily lend itself to printing currency as it is 
done on large industrial presses in Well-lit rooms. 

This invention enables holographic recordable ink to be 
printed directly onto the substrate, and subsequently exposed 
to record and encode information onto the substrate. Infor 
mation so encoded can be machine-readable and covert, or it 
can be used to create a visible hologram that can be readily 
seen as a virtual image. Exposure to ambient room light has 
little or no effect on the material prior to grating Writing, as the 
Wavelength region that it is photosensitive to is narroW, in the 
UV, and requires substantial intensity of exposure. Such 
exposure intensities can be readily achieved With a UV laser 
operating at the requisite Wavelength, and a laser is required 
to generate the interference pattern anyWay. By using a spatial 
light modulator to impart serialized or document speci?c 
information directly into the hologram, any grating can be 
Written including a different one for each document. Current 
document feeds for currency require 30 notes per second to be 
Written Which provides for 0.03 sec exposure. This is su?i 
ciently sloW to enable phase gratings to be encoded in pro 
duction printing applications. 

In the foregoing speci?cation, the invention has been 
described With reference to speci?c exemplary embodiments 
thereof. It Will be evident that various modi?cations may be 
made thereto Without departing from the broader spirit and 
scope of the invention as set forth in the folloWing claims. The 
speci?cation and draWings are, accordingly, to be regarded in 
an illustrative sense rather than a restrictive sense. 

What is claimed is: 
1. A method of forming a diffractive imaging lens capable 

of focusing light, the method comprising: 
applying a material onto a substrate, Wherein the material is 

a photosensitive material applied With carrier agent, 
Wherein the carrier agent is a liquid or monomer and the 
photosensitive material is a particle having a mean diam 
eter betWeen 100 nm and 100 microns; and 

exposing a selected portion of the photosensitive material 
to electromagnetic radiation, thereby altering at least 
one optical property of the material to create the diffrac 
tive imaging lens. 

10 
2. A method as in claim 1 Wherein the material is a photo 

sensitive ink and Wherein the applying comprises a printing 
operation and Wherein the at least one optical property com 
prises a refractive index and Wherein the diffractive imaging 
lens comprises a grating. 

3. A method as in claim 2 farther comprising: 

applying a further material, Which is photosensitive, onto 
the substrate; 

exposing the further material to create a second refractive 
index to visible light Which is different than the refrac 
tive index. 

4. A method as in claim 1 Wherein the material is a photo 
sensitive ink and Wherein the applying comprises a printing 
operation Which prints the photosensitive ink as a layer onto 
the substrate, Which is transparent. 

5. A method as in claim 4, the method farther comprising: 

cutting the transparent substrate to conform to an outer 
20 perimeter shape. 

6. A method as in claim 5 Wherein the outer perimeter shape 
corresponds to a perimeter of a frame Which is designed to 
hold the diffractive imaging lens, and Wherein the selected 

25 portion is less than all of the material. 

7. A method as in claim 1 Wherein the substrate is substan 
tially planar and the diffractive imaging lens is formed With 
out grinding a surface of the diffractive imaging lens. 

8. The method of claim 1, Wherein the photosensitive mate 
rial is selected from the group consisting of: photosensitive 
glass, photosensitive crystal, photosensitive liquid, photosen 
sitive monomer and photosensitive polymer. 

30 

9. The method of claim 8, Wherein the photosensitive mate 
35 rial is photosensitive glass loaded With molecular hydrogen. 

10. The method of claim 8, Wherein the photosensitive 
crystal is selected from the group consisting of: lithium nio 
bate and SBN. 

11. The method of claim 8, Wherein the photosensitive 
monomer or polymer is selected from the group consisting of 
Dupont HRF-l50 and Norland optical cements. 

12. The method of claim 8, Wherein the photosensitive 
material further comprises dopants selected from the group 
consisting of: tin, boron, phosphorous, aluminum. 

40 
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13. A method of forming a holographic medium compris 

1ng: 

applying a photosensitive material to a substrate; 

exposing a selected portion of the photosensitive material 
to electromagnetic radiation to record and encode infor 
mation into the photosensitive material in a manner that 
enables it to be subsequently read back to provide access 
to the information; and 

heating the photosensitive material above standard tem 
perature after exposing the selected portion to reduce the 
photosensitivity of the portion of the photosensitive 
material not exposed. 

14. A method of forming a holographic medium compris 
60 ing: 

applying a photosensitive material to a substrate; 

exposing a selected portion of the photosensitive material 
to electromagnetic radiation to record and encode infor 
mation into the photosensitive material in a manner that 
enables it to be subsequently read back to provide access 
to the information; and 

65 
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reconstructing an object beam based on the photosensitive prises exposing the photosensitive material to a refer 
material to retrieve the recorded information from the ence beam and detecting the intensity variations on a 
encoded phase, Wherein exposing the selected portion of spatially pixilated detector. 
the photosensitive material forms an encoded phase 
grating andWhereinreconstructinganobject beam com- * * * * * 


